LEDs are considered to be the next-generation light source because they offer good color control, dimming capability, short switching response times, compactness, long lifetimes, and they are environmentally friendly. They are already being widely used in liquid crystal displays (LCDs), signal lamps, and decorative lighting. Currently one of the biggest limitations to using LEDs for general lighting is their high cost per lumen. Improving the efficiency of the systems is important for the future of LED lighting applications.
Figure 1. (a)A free-form lens for an LED that generates a uniform illuminance distribution within a 120
• range.
(b) The illuminance distribution generated by an LED chip without the free-form lens on a receiver 100mm away. (c) The illuminance distribution generated by the LED chip and the lens, on the same receiver.
face combined with the differential evolution (DE) algorithm enables us to perform automated free-form lens design. As shown in Figure 1 , a free-form lens is required to generate a uniform illuminance distribution. The LED chip in this example measures 1 × 1mm and emits light from its front surface with a Lambertian angular distribution. A receiver is set 100mm away from the lens. The first surface of the plastic lens is spherical, while the second surface is obtained from a B-spline curve symmetrical around the axis. The coordinates of the nine control points of the B-spline curve are treated as variables, and a proper merit function is constructed. We use a commercial package to perform non-sequential ray tracing , then use the illuminance mesh data on the receiver to calculate the merit function value. After about 50 iterations, the software gave a solution as shown in Figure  1 (a). With the lens, about 78% of the total energy from the LED
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is distributed within the required area and the illuminance uniformity is better than 73%. The optimization algorithms using derivatives can be found if the system merit function can be differentiated. For most of these systems, the performance can be evaluated through sequential raytracing. For example, a geometrical ray fan is sufficient to evaluate the performance of a rotationally symmetric collimator. Usually the structure of such a system is simple and symmetric.
It's hard to directly use such an approach for systems with a complex energy distribution requirement, but the problem can be simplified by dividing the system into subsystems. One of the classic examples of such a system is the vehicle headlamp reflector: the energy distribution near the light is complex and non-symmetric. It is difficult to obtain such a distribution with one simple reflector, so the reflector is segmented and each segment only reflects light to a small region on the receiver.
The concept of characteristic rays can be introduced in the optimization process for such segmented reflector designs. 3 First, the designer determines the XY segment map. Each segment is a B-spline surface and the Z coordinates of the control points of each segment are treated as variables. Sampling points are uniformly selected on each segment. Rays traveling from the source to the surface sampling points are traced. These sampling point rays are called the characteristic rays. Next, the designer sets up a merit function. The coordinates of the intersection points of each characteristic ray with the receiver are used to calculate the merit function value. The DLS (dumped least squares) algorithm is adopted for optimization in this case. Each segment is then optimized separately. Boundary limits can be added to keep the segments connected with each other during optimization. As shown in Figure 2 , the illuminance pattern of the three letters 'VTT' can be generated with an LED and a reflector with 20 segments. Light is limited to distribution only in the 'VTT' As we have shown, free-form optical components can provide complex light distribution and high efficiencies. We have proposed an approach that uses free-form surfaces and an optimization algorithm to perform automated optical design of LED lighting systems.
